The aim of the paper is to investigate the bifurcation behavior of the power-factor-correction (PFC) boost converter under a conventional peak current-mode control. The converter is operated in continuous-conduction mode. The bifurcation analysis performed by computer simulations reveals interesting effects of variation of some chosen parameters on the stability of the converter. The results are illustrated by time-domain waveforms, discrete-time maps and parameter plots. An analytical investigation confirms the results obtained by computer simulations. Such an analysis allows convenient prediction of stability boundaries and facilitates the selection of parameter values to guarantee stable operation.
Introduction
The basic practical requirement for power supplies is to regulate output voltage. Moreover, this requirement has to be combined with that of power-factor-correction (PFC) in the design of most practical power supplies [Redl, 1994] . Defined as the ratio of the active power to the apparent power, the power factor represents a useful measure of the overall quality level of satisfaction of power supplies and systems in such areas of performance as harmonic distortion and electromagnetic interference. Generally speaking, any type of switching converters can be chosen as a PFC stage. In practice, taking into account the current stress and efficiency, the boost converter has been a favorable and popular choice. The discontinuous conduction mode of operation has the obvious advantage of simplicity since no additional control is required. However, the PFC can be achieved even when the converter operates in continuous conduction, through the so-called peak currentmode control [Holland, 1984; Redl & Sokal, 1985] . In this case, the inductor dynamics is suppressed by forcing its current (precisely its peak current) to track some desired wave shape, which is typically the input voltage in an appropriate magnitude for power balance. Such a PFC boost converter, operated under peak current-mode control in continuous conduction mode, represents the object of the present study.
The main purpose of the paper is to examine the stability problem of this circuit from a bifurcation perspective. In conventional power electronics, stability is interpreted as a condition in which the system is operating in the expected periodic regime. All those subharmonic, quasi-periodic (considered unstable regimes, even though perfectly predictable) and chaotic operations are regarded as being undesirable and should be avoided. Hence, the traditional design objective must include the prevention of bifurcations within the intended range of variation of the parameters and it can therefore be solved on the basis of bifurcation analysis. Since computer simulations represent a powerful tool for gaining intuition about nonlinear dynamics of physical systems, the present approach reflects this practical mode of investigation, i.e. we will start with a series of computer simulations to identify important bifurcation phenomena, followed by an analytical study.
The rest of the paper is organized as follows. In the next section, the circuit operation of the PFC boost converter under a typical peak currentmode control is briefly presented. In Sec. 3, a bifurcation phenomenon is studied by computer simulations. The results are presented in terms of time-domain waveforms, discrete-time maps and parameter plots. They reveal an interesting bifurcation phenomenon under variation of selected circuit parameters. In Sec. 4, the instability condition of the inner current loop in terms of period-doubling bifurcation and the conventional ramp compensation for stabilization of the inner current loop are considered in order to confirm analytically the simulation findings. The results of this bifurcation analysis demonstrate an interesting practical behavior of this type of PFC converters, to which no simple explanation is offered by traditional theory.
System Description
The circuit schematic of the PFC boost converter under study is presented in Fig. 1 [Redl, 1994] . The basic circuit of the converter consists of inductor L, capacitor C, diode D, switch S and a load resistance R connected in parallel with the capacitor. The switch and the diode are always in complementary states during the continuous mode operation. Accordingly, two periodically toggling states can be identified during one switching cycle of period T s .
The converter configuration under study is controlled by peak current-programming or in peak current-mode [Holland, 1984; Redl & Sokal, 1985; Kislovski et al., 1996] . In this configuration, the inductor current i L is chosen as the programming variable and is compared to the reference current i ref in order to generate the switching signal for switch S. By turning on switch S at the beginning of the switching cycle, the inductor current i L increases; when it reaches the reference value i ref , the switch is turned off and remains off until the beginning of the next cycle (see Fig. 2 ). Thus, the average inductor current is programmed approximately by i ref . Bifurcation and chaotic behavior have been reported previously in this type of converters under a dc input condition [Banerjee & Verghese, 2001; Chan & Tse, 1997; Deane, 1992; Tse & di Bernardo, 2002] .
A feedback loop comprising a first-order filter and a PI controller serves to control the output voltage v o (V ref is the reference steady-state output voltage) by adjusting the amplitude of i ref , which is tracking the shape of the input voltage waveform v in (t). Thus, the input current i L is being directly programmed to follow the waveform of the input voltage. The result is a nearly unity power factor.
Bifurcation Behavior by Computer Simulations
The aim of the following study is to investigate the dynamical behavior of the afore-described PFC boost converter, in order to discover the various possible states and bifurcations of this nonlinear variable-structure system. Here, we adopt a practical mode of investigation of nonlinear systems, which starts with a series of computer simulations to identify important bifurcation phenomena, followed by analysis. The computer simulations were performed in MATLAB and Simulink environment. The circuit component values used in the present study are listed in Table 1 . Figure 3 shows the simulated inductor current waveform i L (t) for the operation with the parameters specified in Table 1 . Period-doubling bifurcation can be observed during a half line cycle in the inductor current waveform, as shown in the upper plot of Fig. 3 . In order to see the period-doubling more clearly and the critical points where the bifurcations start, the waveform is sampled at a rate equal to the switching frequency, as shown in the lower plot of Fig. 3 , where the two critical points and the corresponding bifurcations can clearly be identified. Between these two points the sampled values of the inductor current follow accurately the sinusoidal shape of the reference current i ref . We also note from Fig. 3 that the behavior is chaotic near the zero crossing of the line cycle. However, our main concern here is the location of critical points since the occurrence of the first period-doubling bifurcation at the critical points is considered undesirable from •
the engineering viewpoint, let alone the presence of chaos further down the bifurcation trend. A close-up view of the waveform with marked sampled points, around the critical points, is shown in Fig. 4 . In the following we denote the critical bifurcation points in terms of the phase angle θ = ω m t, where ω m is the line angular frequency. For notational brevity we define r v as
Here, we observe that the converter fails to maintain the expected bifurcation-free operation in intervals corresponding to θ < θ c1 and θ > θ c2 . The bifurcation behavior characterized by the presence of a critical point in each quarter of the line cycle persists until the left-hand side critical phase angle θ c1 reaches its maximum, i.e. 90 • , corresponding to the peak current value. The result of increasing further r v (i.e. the reference voltage) beyond this point is shown by the simulated inductor current waveform plotted in Fig. 6 , obtained for r v = V ref /V in = 2. It can be seen that, when θ c1 becomes greater than 90 o , the whole first quarter cycle has turned into period-doubling and to possibly chaos in some intervals.
Finally, full-bifurcation operation can be detected by increasing r v further and is illustrated in Fig. 7 by the simulated inductor current waveform obtained for r v = V ref /V in = 2.5. The system operates in full-bifurcation and the stable interval is replaced completely by period-doublings and chaos.
Theoretical Analysis of Bifurcation Behavior
In this section we verify the above simulation findings by an analytical approach of the bifurcation behavior of the PFC boost converter depicted in Fig. 1 . It is now widely known that the inner current loop of a peak current-mode controlled dc/dc boost converter in continuous-conduction operation becomes unstable when the duty ratio of the switching signal (designed steady-state value) exceeds 0.5. The usual practical (conventional) remedy is to alter the reference current with a compensating ramp, as shown in Fig. 8 . By inspecting the iterative function that describes the inductor current dynamics, the critical duty ratio at which the first perioddoubling occurs, D c , can be obtained [Tse & Lai, 2001 ] (see Appendix):
where M c is given by
and m c is the compensation slope defined in Fig. 8 . Note that by applying a positive compensating ramp to the reference current (i.e. M c > 0), the critical duty ratio given by (3) exceeds the value of 0.5 corresponding to the absence of the compensating ramp. Hence, it is obvious that compensation
igure 9: Programming of input current waveform in PFC boost converter. For 0 effective negative ramp compensation is applied (i.e., M c < 0), whereas for π/2 < θ ≤ positive ramp compensation is applied (i.e., M c > 0)
14 Fig. 9 . Programming of input current waveform in PFC boost converter. For 0 ≤ θ < π/2, an effective negative ramp compensation is applied (i.e. Mc < 0), whereas for π/2 < θ ≤ π, an effective positive ramp compensation is applied (i.e. Mc > 0).
effectively provides more margin for the system to operate without running into the bifurcation region. For the PFC boost converter under study, since the reference current i ref follows the input voltage v in , its waveform is a rectified sine wave whose frequency is much lower than the switching frequency (1000 times less in this case). Hence, the situation is analogous to the case of applying a time-varying ramp compensation to a peak current-mode controlled dc/dc boost converter. As shown in Fig. 9 , when the input voltage is in its first quarter cycle (i.e. 0 ≤ θ ≤ π/2), the value of i ref increases, which is equivalent to applying a negative compensating ramp to the reference current (i.e. m c < 0). When the input voltage is in its second quarter cycle (i.e. π/2 < θ ≤ π), the value of i ref decreases, which is equivalent to applying a positive compensating ramp to the reference current (i.e. m c > 0). At θ = π/2, there is no ramp compensation. Thus, based on the results of controlling bifurcation by ramp compensation, it can be concluded that the system has asymmetric regions of stability for the two quarter cycles. Specifically, the second quarter cycle (i.e. π/2 < θ ≤ π) should be more remote from the period-doubling bifurcation due to the presence of ramp compensation [Tse & Lai, 2001 ].
An analytical derivation of the starting angle of period-doubling, i.e. the critical phase angle θ c , is presented next. Note that the input-output voltage conversion ratio of the boost converter in continuous-conduction mode is [Kislovski et al., 1996] V ref
where D is the duty ratio. From (1) to (4), and using
If the power factor approaches one, the reference current is
whereÎ L is the peak inductor reference current. Since the waveform is repeated for every [kπ, (k + 1)π] interval, for all integers k, the analysis is restricted to the range 0 ≤ θ ≤ π. Therefore,
Thus, from (6), we obtain
Moreover, incorporating the power equality, i.e.V inÎL = 2V 2 ref /R (assuming 100% efficiency), the critical phase angle given by (9) can be written in the following form:
where r v is as defined in the previous section, i.e.
It can be clearly seen from (10) that the bifurcation behavior is controlled by the voltage conversion ratio r v and the time constant τ L . The two real solutions of (10) (if exist) represent the two critical phase angles detected by the simulation study presented in the previous section and denoted by θ c1 and θ c2 . It can be readily noticed from (10) that the condition of existence of these two real solutions in the range of interest 0 < θ c < π is given by
and it defines the bifurcation region of the parameter space represented in Fig. 10 . As confirmed by the simulated inductor current waveform shown in (Table 1) corresponds to τ L = 0.000015 s and r v = √ 2. Moreover, Fig. 11 compares the values of the critical phase angles found by simulations and those obtained analytically from (10). They are in good agreement. Furthermore, as θ c1 and θ c2 get closer to each other, the stable interval diminishes. If θ c1 becomes greater than 90 • , the converter would have gone into period-doubling for the whole first quarter of the line cycle. This result was indeed confirmed by the simulated inductor current waveform shown in Fig. 6 .
At the lower boundary τ L = r 2 v − 4/16ω 2 m r 4 v of the bifurcation region defined by (12), the two real solutions merge together, i.e. θ c1 = θ c2 , and period-doubling bifurcation cannot be avoided. The existence of the full-bifurcation region below this boundary, i.e.
was confirmed by the simulation result depicted in Fig. 7 , where the stable interval has disappeared altogether. Above the upper boundary of (12), i.e. for
the solutions given by (10) are essentially outside of the range of interest. In fact, at the boundary τ L = 1/4ω m r v , we simply have θ c1 = 0 and θ c2 = π, which corresponds to a bifurcation-free operation. Finally, in Fig. 12 , we plot the critical phase angles given by (10) as a function of r v , for several values of τ L . These curves are useful for practical design purposes.
Conclusion
Power quality has become an important requirement of switching power supplies, beside the basic requirement of regulating output voltage. The study presented in this paper is concerned with a popularly used power-factor-correction stage, a peak current-mode controlled boost converter. In particular, the converter is operated in continuous conduction mode. The main objective is to perform a bifurcation analysis to study the effects of various parameters on the stability of the converter. Adopting a practical mode of investigation of nonlinear dynamical systems, the study starts with a series of computer simulations to identify the bifurcation phenomena, followed by analytical investigation. It has been demonstrated that this power-factor-correction boost converter exhibits an interesting bifurcation behavior which has not been previously detected. The analysis facilitates the convenient selection of parameter values to guarantee stable operation. Finally, it should be noted that power electronics are rich in nonlinear dynamics [Banerjee & Verghese, 2001; Nagy, 2001; Tse & di Bernardo, 2002] , and many "strange" yet commonly observed phenomena can in fact be systematically explained provided that proper nonlinear models and analytical approaches are skillfully used.
